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Autoimmunity as the Consequence
of a Spontaneous Mutation in Rasgrp1
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for this molecule in positive selection of developing thy- poorly when stimulated with mitogenic antibodies against
the T cell receptor (TCR) (see below). Since GDID4 defi-mocytes (Alberola-Ila et al., 1995; Delgado et al., 2000;
Pages et al., 1999; Swan et al., 1995; Werlen et al., 2000). ciency had previously been reported to have a minimal
effect on the immune system (Yin et al., 1997), we sus-The molecular pathways responsible for Ras activation
downstream of the TCR have been fairly well character- pected that this disease was the result of an indepen-
dent genetic lesion. We were able to confirm this in aized. Ras cycles between an inactive (GDP-bound) state
and an active (GTP-bound) state (Bourne et al., 1990). series of breeding experiments that demonstrated that
the autoimmune phenotype segregated independentlyThe ratio of Ras that is active (RasGTP) versus inactive
(RasGDP) in a cell is largely determined by the activity of the GDID4 null allele and appeared to be governed
by a single recessive genetic element, which we termedof molecules that favor these different forms of Ras. Ras
GTPase-activating proteins (RasGAPs) increase the rate the lag locus (lymphoproliferation-autoimmunity-glomeru-
lonephritis) (data not shown).of GTP hydrolysis by Ras, thus increasing the amount
of RasGDP (inactive) form present. These negative regu-
lators are counteracted by Ras guanine nucleotide ex- lag Mice Develop an SLE-like
change factors (RasGEFs), which catalyze the release Autoimmune Syndrome
of GDP from Ras, thereby promoting its association with To investigate the nature of the autoimmune disease
GTP and favoring the RasGTP (active) form (Geyer and that developed in lag mice, we followed a cohort of mice
Wittinghofer, 1997). from the age of 6 to 8 weeks old to 3 to 8 months of
In T cells, at least two RasGEFs have been implicated age. While young lag mice appeared normal and were
in Ras activation: the well-characterized Sos proteins fertile, these mice developed peribrachial lymphade-
(Bowtell et al., 1992; Buday et al., 1994) and the recently nopathy by 3 to 4 months of age. By 5 to 8 months of
identified RasGRP1 molecule (Dower et al., 2000; Ebinu age, the lymphadenopathy had progressed to a degree
et al., 1998). These molecules activate Ras when they that most animals became lethargic and anorexic, and
are recruited to the plasma membrane following TCR had to be euthanized (data not shown). We subsequently
stimulation and the subsequent phosphorylation of the performed a clinical work-up on 3- to 4-month-old (aged)
scaffold protein, LAT (Myung et al., 2000; Roose and mice. Dissection of these lag mice revealed a general-
Weiss, 2000). Sos is targeted to the plasma membrane ized lymphadenopathy involving the submandibular, ax-
through its interaction with Grb2 (Buday et al., 1994), illary, iliac, inguinal, and mesenteric nodes, with lymph
while RasGRP1 localizes to the membrane through its nodes that were often in excess of 10-fold larger in size
diacylgycerol (DAG) binding domain following the gener- and cellularity over wild-type controls (Supplemental
ation of DAG by phospholipase C1 (PLC) (Ebinu et al., Figure S1A at http://www.immunity.com/cgi/content/
1998; Tognon et al., 1998). Gene targeting experiments full/19/2/243/DC1). These mice also exhibited spleno-
have shown that RasGRP1 plays an essential and spe- megaly (Supplemental Figure S1B), and about half of
cific role in Ras activation downstream of the TCR. As the aged mice in our lag colony had enlarged livers
a consequence, RasGRP1 null mice display a block at (Supplemental Figure S1C).
the double-positive stage of T cell development (Dower Histologically, the lymph nodes and spleens of aged
et al., 2000). The role of Sos proteins in T cell biology lag mice were characterized by hyperplastic germinal
has not been determined, but analysis of mice that are centers (Supplemental Figure S1D) with partial to total
haploinsufficient in the Sos binding protein, Grb2, indi- effacement of the normal architecture including loss of
cate that this pathway of Ras activation may play a role the mantle zones. A prominent feature of these lymph
in negative selection of thymocytes (Gong et al., 2001). nodes was the presence of large numbers of diffusely
In this report, we describe the characterization of a infiltrating plasma cells, often in sheets mixed with other
mouse strain with a spontaneous mutation in the lymphocytes (Supplemental Figure S1E). Many of the
Rasgrp1 gene. These mice develop an autoimmune dis- plasma cells displayed dense globular intracytoplasmic
order exhibiting many similarities to the human disease immunoglobulin inclusions known as Russell bodies. An
systemic lupus erythematosus (SLE) and provide a novel increase in granulocytic cells was also detected in the
genetic model of autoimmune disease. Our findings indi- secondary lymphoid organs, both by histology and by
cate that Ras signaling pathways play an important role flow cytometry. Most of these cells stained positive for
in maintaining T cell tolerance and preventing the devel- the macrophage marker CD11b (data not shown). The
opment of autoimmune disease. generative lymphoid organs (bone marrow and thymus)
did not display pronounced histological abnormalities,
although, with advanced disease, these organs, as wellResults
as others (including the liver, kidneys, ovary, small intes-
tine, pancreas, colon, bladder, and lung), often becameA Novel Spontaneous Genetic Lesion that Results
in the Development of Autoimmune Disease infiltrated with lymphocytes, plasma cells, and myeloid
cells (Supplemental Figures S1F and S1G).In the course of analyzing a strain of mice that was
engineered to be deficient in GDID4, a GDP-dissociation Serological analysis revealed that aged lag mice had
markedly elevated levels of serum IgG (Figure 1A) andinhibitor of the RhoGTPase family of small G proteins
(Lelias et al., 1993), we noticed that about one-third anti-nuclear-antibody (ANA, Figure 1B). Staining of
Hep-2 cells with serum derived from these mice revealedspontaneously developed pronounced lymphadenopa-
thy with evidence of lymphocyte activation and autoim- a variety of nuclear staining patterns, including homoge-
neous nuclear, nuclear membrane (rim), or speckledmunity. These mice showed a significant reduction in
mature T cells, and the remaining cells proliferated very nuclear staining (Figure 1C). This latter ANA staining
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Figure 1. lag Mice Develop Lupus-like Auto-
immune Features
(A) Total serum immunoglobulin (Ig) levels in
the serum of lag (MUT) and wild-type (WT)
mice. Ig levels in the serum were determined
by sandwich ELISA. Protein electrophoresis
established that the hyperimmunoglobuli-
nemia is polyclonal (data not shown).
(B) Anti-nuclear antibody (ANA) titers in lag
and wild-type mice.
(C) Anti-DNA antibody titers in lag and wild-
type mice. Anti-DNA antibodies in the serum
were detected by immunostaining of Hep2
cells. The speckled pattern of nuclear protein
is typical of anti-Sm antibody staining (del
Rincon et al., 2000; Elkon et al., 1990). Inset:
wild-type control serum (negative).
(D) Anti-double-stranded DNA (dsDNA) titers
in lag and wild-type mice.
(E) Anti-SmD (left panel) and -SmA (right
panel) antibodies in lag mice and wild-type
mice.
(F) Antibodies against SmA, SmB, and SmD
protein in lupus-prone MRL/lpr mice and lag
mice. The levels of anti-SmA, -SmB, and
-SmB antibodies was determined by immu-
noblotting purified samples of these proteins
with serum derived from autoimmune mice.
(G) Low power view of kidney from wild-type
(left panel) and lag mice (right panel).
(H) Anti-IgG (left panel) and anti-C3 (right
panel) staining of glomeruli from lag and wild-
type (inset) mice.
pattern was highly reminiscent of that obtained with anti- function of lymphocytes. In these experiments we stud-
ied the phenotype and responses of T cells from theSm antibodies, a prototypical autoantibody detected in
SLE patients (Elkon et al., 1990). By ELISA and Western secondary lymphoid organs of 4- to 6-week-old (young)
mice before they developed overt signs of autoimmunityblot analysis, we were able to determine that the autoan-
tibodies present in the serum of lag mice were specific or 3- to 4-month-old (aged) lag mice that had developed
autoimmune disease.to dsDNA (Figure 1D) and SmA, B, and D proteins (Fig-
ures 1E and 1F). Initial characterization of the T cell compartment of
young lag mice revealed that the number of matureCompleting a clinical picture that exhibited similarities
to human SLE, we noticed that almost all lag mice devel- T cells in the lymph nodes and spleens was markedly
reduced compared to wild-type (Table 1). This defect inoped a diffuse proliferative glomerulonephritis charac-
terized by enlarged glomeruli, loss of Bowman’s capsule the T cell compartment was due to a block in T cell
maturation (see below). In contrast, aged lag micespace, thickening of the mesangium, hypercellularity,
and deposits of amorphous proteinaceous material in showed a significant increase in T cells, predominantly
in the CD4 compartment (Figure 2A and Table 1). Wethe glomeruli and tubules (Figure 1G). Immunofluores-
cence staining revealed deposits of IgG (Figure 1H, left did not detect any CD4CD8 (double-negative) T cells
that are typical of Fas-deficient lpr mice that also de-panel) and C3 (Figure 1H, right panel) in the glomeruli
of aged lag mice. velop a lupus-like autoimmune disease (Theofilopoulos
and Dixon, 1985) (data not shown). A significant fraction
of the T cells in the spleen and lymph node of younglag Mice Accumulate Autoreactive CD4 T Cells
To investigate the cellular basis of the autoimmune dis- and aged lag mice expressed activation markers, such
as CD44, suggesting that they had recently been stimu-ease that developed in lag mice, we studied the impact
that this genetic lesion had on the development and lated by antigen (Figure 2B). Since our mouse colony
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Table 1. CD4, CD8, and Total Cell Numbers in Spleen and Thymus of Young and Old RasGRP1lag Mice Compared to Wild-Type Animals
A. Cell Numbers of Spleen (106)
Total: Average (SD) CD4: Average (SD) CD8: Average (SD) B220: Average (SD)
Mouse WT MUT p value WT MUT p value WT MUT p value WT MUT p value
Young 104 (32) 265 (89) 0.01 26 (6) 18 (6) 0.05 14 (3) 3 (1) 0.001 46 (28) 75 (37) 0.05
Old 125 (52) 377 (208) 0.05 25 (3) 90 (18) 0.001 17 (2) 8 (2) 0.001 51 (11) 142 (52) 0.01
B. Cell Numbers of Thymus (106)
Total: Average (SD) CD4: Average (SD) CD8: Average (SD)
Mouse WT MUT p value WT MUT p value WT MUT p value
Young 134 (23) 71 (12) 0.002 9.2 (3.1) 1.4 (1.0) 0.002 2.6 (0.2) 0.3 (0.1) 0.001
Old 77 (14) 44 (18) 0.05 6.1 (0.5) 3.9 (2.5) 0.05 1.3 (0.1) 0.4 (0.3) 0.001
was kept under SPF conditions, this response was most type mice were autoreactive (Figure 2C). Only two of 11
lines generated from young lag mice and two of the 17likely directed against self-antigens.
To test whether the CD4 T cells that accumulated in lines generated from young wild-type cells were autore-
active (data not shown).aged lag mice were autoreactive, we generated immor-
talized cell lines from these cells by fusing them with a Further supporting the notion that the lag mutation
resulted in the expansion of autoreactive CD4 T cellshybridoma line (Sanderson and Shastri, 1994). Of the 17
CD4 cell lines derived from aged lag, nine showed in aged mice, we found that injection of purified CD4
T cells from lag mice into lymphopenic (RAG1-deficient)reactivity to syngeneic spleen antigen-presenting cells,
whereas only two of 11 lines generated from aged wild- recipients resulted in splenomegaly (see below). We
Figure 2. lag Mice Accumulate Autoreactive
CD4 T Cells with a Memory Phenotype
(A) Frequency of CD4 and CD8 T cells in
the spleen of 3- to 4-month-old lag (MUT)
and wild-type (WT) mice. Splenocytes were
stained with antibodies to CD4 and CD8 and
analyzed by flow cytometry. Numbers in
each quadrant indicate the percentage of to-
tal cells.
(B) Expression of CD44 on CD4 T cells from
wild-type and lag mice.
(C) Frequency of autoreactive CD4 T cells
in wild-type and lag mice. T cell hybridomas
generated from 4- to 8-month-old lag or wild-
type mice were cultured in the presence of
syngeneic splenocytes, after which lacZ ac-
tivity was assayed using a colorimetric sub-
strate. The cutoff value of OD  0.2 for a
positive response is arbitrary.
(D and E) Transfer of disease by injection of
lag splenocytes (D) or bone marrow (E) into
SCID mice. Spleen cells (2  106) or bone
marrow cells (5 106) were injected into SCID
mice. Two months later, spleens were har-
vested and cell numbers determined.
(F) Frequency of CD4 and CD8S populations
in the thymus of 6- to 8-week-old lag and
wild-type mice.
(G) Expression of CD69 on double-positive
thymocytes.
(H) Expression of CD44 expression on single-
positive CD4 thymocytes.
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were also able to transfer disease to B and T cell-defi- proliferative responses were associated with an almost
100-fold reduction in IL-2 production (see below). How-cient SCID mice by injecting splenocytes or whole bone
marrow cells from lag mice (Figures 2D and 2E). ever, addition of IL-2 to the cultures failed to fully restore
the proliferation of these T cells (data not shown). Similar
results were obtained with T cells purified from the spleensDefective T Cell Selection in lag Mice Leads to the
or lymph nodes of aged lag mice (data not shown).Generation of Mature T Cells that Spontaneously
When we examined the phenotype of T cells from lagAdopt an Activated/Memory Phenotype
mice that had been stimulated in vitro with PMA andTo investigate whether a defect in T cell development
ionomycin, we found that they upregulated activationmight be responsible for the accumulation of autoreac-
markers, such as CD25 (Figure 3B). Despite this, theytive CD4 T cells in lag mice, we characterized the thy-
remained poorly responsive to mitogenic signals, in-mic T cell populations in this strain of mouse. We discov-
cluding TCR crosslinking and IL-2 (Figure 3C).ered that both young and aged lag mice showed a severe
To test whether activated T cells from lag mice wereblock in T cell development. The thymuses from these
able to secrete effector cytokines, we stimulated T cellsmice showed a 30%–40% reduction in cellularity com-
from young or aged lag mice with anti-CD3 and assayedpared to aged-matched wild-type controls (Table 1), and
cytokine production by ELISA. We found that activatedvery few thymocytes that were able to mature beyond
T cells from young lag mice were poor IL-2 producersthe CD4CD8 double-positive stage (Figure 2F). We
and were unable to secrete significant amounts of eitherwere also unable to detect CD69 expressing double-
Th1 or Th2 effector cytokines (Figures 3D, 3E, and 3F).positive thymocytes (Figure 2G), which is consistent with
T cells obtained from aged lag mice also failed to secretethe notion that TCR-induced selecting signals were not
IL-2 and IFN- (Figures 3D and 3E), but they did makebeing transduced in the majority of these cells (Swat et
significant levels of IL-4 (Figure 3F), suggesting that acti-al., 1993). Furthermore, the levels of CD5, a surface
vated T cells in lag mice were skewed toward a Th2molecule involved in regulating T cell selection and
phenotype.whose expression is regulated by the affinity of TCR for
The inability of lag mice to restrict the accumulationselecting ligands (Azzam et al., 1998), were significantly
of CD4 T cells, despite the reduced proliferative re-lower on lag thymocytes than on wild-type cells (data
sponses exhibited by these cells, raised the possibilitynot shown).
that the lag mutation might result in a defect in activa-Since the main population of autoreactive T cells in
tion-induced cell death (AICD). To test this idea, acti-aged lag mice were CD4, we also established a TCR
vated T cells from young lag mutant mice were stimu-transgenic system to specifically study the effect of the
lated with high concentrations of anti-CD3, a protocollag mutation on the development of these cells. This
that induces T cells to undergo AICD (Dhein et al., 1995;was accomplished by breeding the I-Ab-restricted OT.II
Ju et al., 1995). We found that lag T cells were highlyTCR transgene (Barnden et al., 1998) onto a lag back-
resistant to this method of apoptosis induction (Figureground. We found that OT.II CD4 T cells were not se-
3G) and failed to express FasL (data not shown). Similarlected in lag mice (data not shown). The OT.II TCR is
results were obtained when we stimulated these cellsthought to be a low-affinity TCR (Heath et al., 1995).
with PMA and ionomycin (data not shown). T cells fromWhether higher-affinity MHC class II-restricted TCRs be-
older diseased mice also exhibited defects in AICD (datahave differently in a lag background remains to be deter-
not shown). These findings suggested that a defect inmined.
T cell apoptosis may contribute to the lymphoprolifera-We also examined the phenotype of the few mature
tion and autoimmunity seen in lag mice.single-positive cells that were generated in lag thy-
muses. These expressed normal levels of coreceptors
(either CD4 or CD8) and slightly decreased levels of TCR Activated B Cells Accumulate in lag Mice, but These
(data not shown). The most notable feature of these Cells Show Normal Proliferation and Apoptosis
cells was that they expressed high levels of CD44 (Figure Ultimately, the immune-mediated pathology seen in lag
2H). This marker is usually only upregulated on activated mice depends on the production of antibodies. Consis-
and memory T cells (Sprent and Surh, 2002). Together, tent with this, we observed that B cells numbers were
our findings raised the possibility that only T cells with elevated in aged lag mice (Table 1). These cells also
a high affinity for MHC and self-peptide were selected showed increased expression of activation markers,
in the presence of the lag mutation. such as Fas, compared with wild-type controls (Figure
4A). Notably, the B cell compartment in young lag mice
was normal (Table 1). This suggested that the B cell-T Cells from lag Mice Show Reduced Responses
to Antigen and Fail to Undergo Activation-Induced mediated, antibody-mediated autoimmunity seen in lag
mice might be a secondary consequence of defects inCell Death but Can Produce Th2 Cytokines
To examine the consequences of the lag mutation on T cell tolerance. In agreement with this idea, we found
that B cells from young and aged mutant mice showedthe function of mature CD4 T cells, we studied the in
vitro response of T cells purified from the spleens of normal proliferative responses to CD40 or surface immu-
noglobulin crosslinking (Figure 4B). These cells alsoyoung or aged lag mice to mitogens. We found that lag
CD4 had markedly impaired responses to anti-CD3 showed normal Fas-mediated apoptosis (Figure 4C) and
could be killed by activated T cells from wild-type miceand PMA and ionomycin (Figure 3A). A similar defect in
proliferation was seen when these cells were stimulated (Figure 4D). However, activated T cells from lag mice
were unable to kill either wild-type or mutant B cellswith anti-CD3 and anti-CD28 (data not shown). Defective
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Figure 3. lag T Cells Exhibit Defects in Prolif-
eration, Cytokine Production, and Apoptosis
(A) Proliferative responses of naive lag T cells.
Purified T cells from wild-type (WT) or lag
(MUT) mice were stimulated with anti-CD3 or
PMA and ionomycin. Proliferation was as-
sayed after 72 hr by [3H]thymidine incorpora-
tion. The experiment was performed in quin-
tuplicate, and results present the mean value
with SD. (B) CD25 upregulation in response
to PMA/ionomycin treatment. Purified T cells
from wild-type or lag mice were stimulated
with PMA and ionomycin for 48 hr and as-
sayed for CD25 expression by flow cytomet-
ric analysis (C). Proliferative responses of ac-
tivated lag T cells. Purified T cells obtained
form spleen of wild-type and lag mice were
activated for 48 hr with PMA and ionomycin
and then stimulated with anti-CD3, IL-2, or
PMA/ionomycin. Proliferation was assayed
after 24 hr by [3H]thymidine incorporation.
IL-2 (D), IFN- (E), and IL-4 (F) production by
wild-type and lag T cells. Purified T cells were
stimulated with anti-CD3 for 3 days, after
which supernatants were collected, and se-
cretion of cytokines was quantified by ELISA.
(G) Induction of AICD in activated T cells from
wild-type and lag mice. Purified T cells ob-
tained from spleen of wild-type and lag mice
were activated for 48 hr with PMA and iono-
mycin and then stimulated overnight with dif-
ferent concentrations of plate-bound anti-
CD3 in the presence of IL-2. The percentage
of apoptotic cells was determined by propid-
ium iodide exclusion.
(Figure 4D). T cell-mediated B cell killing is an important on our assumption about when the mutation arose, a
locus linked to the disease gene would be homozygousmechanism to maintain self-tolerance (Rathmell et al.,
for 129 markers.1995). Our results indicated that the lag mutation may
Our mapping experiments identified the telomeric endrender CD4 incapable of killing B cells but still capable
of the long arm of chromosome 2 as a region with highlyof activating these cells. This provides a possible expla-
significant linkage to the disease phenotype (data notnation for the accumulation of autoreactive B cells and
shown). Fine mapping of this region allowed us to definethe production of autoantibodies seen in lag mice.
a 10 cM interval that carried the novel disease locus.
Using this information, we performed a genomic data-
The Rasgrp1 Gene Is Defective in lag Mice base screen for putative immunomodulatory genes. This
We next undertook to map the lag disease-associated stretch of the mouse genome contains approximately
locus. In these experiments we backcrossed our original 200 known genes, of which 12 are thought to play a role
stock of mutant mice, which was of mixed 129xB6 back- in the immune system. Prominent among these was
ground, with C57BL/6 mice and then interbred the off- Rasgrp1. Mice that lack this gene have been reported
spring. Progeny with the autoimmune phenotype were to exhibit defects in T cell development and function
easily distinguished from healthy offspring at a young similar to the those that we observed in lag mice (Dower
age by FACS analysis for peripheral blood T cells that et al., 2000; Priatel et al., 2002).
showed increased expression of CD44 (see above). We To determine whether lag mice carried a lesion in
reasoned that the mutation leading to autoimmunity the Rasgrp1 gene, we examined protein lysates from
most likely occurred in the ES cells used to generate immune and nonimmune cells for the presence of p90
GDID4 knockout mice. Since these were derived from a RasGRP1 by Western blot. Using antibodies against the
mouse of the 129 strain, we screened all chromosomes, C and N terminus of RasGRP1 (Ebinu et al., 2000; Puente
excluding the X and Y chromosomes, of diseased and et al., 2000), we determined that lysates from brain,
nondiseased offspring with microsatellite markers that spleen, and thymus of the mutant mice were devoid of
this protein (Figure 5A).distinguished between the 129 and BL/6 strain. Based
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Figure 4. B Cells in lag Mice Adopt an Activated Phenotype but Show Normal Apoptosis and Proliferative Responses
(A) Fas expression on B cells from lag and wild-type mice. Splenocytes from 6- to 8-week-old (young) or 4- to 8-month-old (old) wild-type
(WT) and lag (MUT) mice were stained for B220 and Thy-1 and Fas. B220-positive cells were analyzed for Fas expression.
(B) Proliferative responses of B cells from lag and wild-type mice. B cells were purified from the spleen and stimulated with anti-CD40 with
or without anti-IgM for 4 days. Proliferation was assayed by [3H]thymidine incorporation.
(C) Fas-mediated apoptosis of B cells from lag and wild-type mice. B cells were purified from the spleen, activated with with anti-CD40 for
3 days, and then incubated with anti-Fas. Percentage of apoptotic cells was determined by propidium iodide exclusion.
(D) T cell-mediated killing of B cells. B cells were purified from the spleen of lag and wild-type mice, activated with anti-CD40 for 3 days,
stained with PKH26 (a red fluorescent dye), and then incubated overnight with activated T cells from lag and wild-type mice in the presence
of different doses of anti-CD3. Percentage of apoptotic cells was determined by flow cytometry following staining with a FITC-conjugated
antibody against Annexin V. B cells were differentiated from T cells based on their red fluorescence.
To investigate the genetic basis for this defect, we been determined, although preliminary data are consis-
tent with an insertion of foreign material into intron 3.examined the cDNA structure of the Rasgrp1 gene using
total RNA isolated from mutant spleen cells. Although We called this allele of the Rasgrp1 gene Rasgrp1lag
(J.C.S., unpublished data).a DNA fragment of approximately the anticipated size
for wild-type Rasgrp1 was observed in cells from lag To prove formally that a deficiency in RasGRP1 pro-
tein expression was the basis for the lymphocyte defectsmice, sequence analysis of this PCR product, and of
individual cloned cDNA species failed to detect wild- and autoimmune phenotype seen in lag mice, we used
a bicistronic retrovirus to express a wild-type allele oftype sequences. Instead, we observed two types of ab-
errant splice products (Figure 5B). Rasgrp1 in activated T cells derived from these mice
(Van Parijs et al., 1999a). This genetic manipulation re-For reasons that are unclear, the lag mutation inter-
feres with the normal joining of exon 3 to exon 4 during stored proliferative responses of lag T cell responses
to normal following stimulation with T cell mitogens inRNA splicing. In the wild-type gene, the AT at the begin-
ning of intron 3 serves to produce an atypical but func- vitro (Figure 5C) and suppressed the uncontrolled
expansion of lag T cells seen following adoptive transfertional splice-donor sequence to bridge exon 3 to exon
4. In the aberrant transcripts found in lag cells, the use of into lymphopenic hosts (Figure 5D). Providing additional
support for the idea that our mutant mice developedthe AT splice donor sequence was suppressed. Mutant
transcripts arose from activation of otherwise cryptic autoimmune disease as a consequence of a defect in
RasGRP1 expression, we found that older mice carryingsplice donor sequences present in the 3rd intron and
resulting in splicing of the exon 3-intron 3 material to the Rasgrp1 knockout allele (Dower et al., 2000) also
developed a lymphoproliferative syndrome and exhib-exon 5, thus producing transcripts which lack exon 4.
Use of the upstream cryptic splice donor is predicted ited elevated levels of serum antibodies (Figures 5E and
5F and N.A.D., unpublished data).to result in a frame-shifted coding sequence, whereas
use of the downstream cryptic splice donor should yield
an in-frame stop signal in the aberrant transcript (Figure Ras/MAPK Signaling Pathways Are Defective
in RasGRPlag T Cells5B). In both cases, the aberrant RasGRP1 transcripts
will encode small nonfunctional polypeptides. The un- In order to explore the molecular basis of autoimmunity
resulting from the lag mutation in the Rasgrp1 gene, wederlying DNA change responsible for this defect has not
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Figure 5. Structure of the Rasgrp1 Gene in lag Mice
(A) RasGRP1 expression in immune and nonimmune cells from wild-type and lag mice. Cell lysates were resolved by 10% SDS-PAGE and
probed with a polyclonal antibody that recognizes the amino-terminal sequence of RasGRP1 (antibody H176; left panel) or a monoclonal
antibody (antibody m199; right panel). Extracts from Rat2 cells engineered with a RasGRP1-expressing vector or parental pBabePuro vector
served as controls. As a loading control, the blot was probed with an anti-Erk antibody (bottom panel).
(B) Sequence analysis of the Rasgrp1 gene in lag mice downstream of Leu101. At the junction between exon 3 and intron 3, the genomic
sequences of the wild-type (WT) and lag (MUT) mice are the same, although the splicing of the mutant and wild-type transcripts differs. This
is due to the activation of two cryptic splice donor sequences (shown in lowercase) downstream of the normal AT splice donor sequence.
(C) Expression of wild-type Rasgrp1 rescues proliferative responses of lag T cells. Purified T cells from lag or wild-type mice were activated
with anti-CD3 and infected with a retrovirus that expressed wild-type RasGRP1 (RasGRP1) or a control retrovirus (MIG). Activated, infected
T cells were restimulated with anti-CD3. Proliferation was assayed after 72 hr by [3H]thymidine incorporation.
(D) Expression of wild-type Rasgrp1 prevents splenomegaly following adoptive transfer of activated lag T cells into lymphopenic recipients.
Purified T cells from lag (MUT) or wild-type (WT) mice were activated and infected with a RasGRP1-expressing (RasGRP1) or a control (MIG)
retrovirus and injected into RAG2/ mice. Two months later spleen cells were harvested and counted.
(E and F) Serum IgG1 (E) and IgG2a (F) levels in RasGRP1 knockout mice. IgG1 (E) and IgG2a (F) levels in the serum of wild-type (WT) and
RasGRP1 knockout (RasGRP1 KO) mice were determined by sandwich ELISA.
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MAPK pathway, such as the NF-B and PI-3K pathways
(Figures 6B and 6C). These results provide support for
the idea that the immunological abnormalities observed
in RasGRP1lag mice result from defects in TCR-induced
activation of Ras signaling pathways.
Discussion
We report here on the characterization of a new single-
gene model of autoimmune disease. Our mouse strain
harbors a spontaneous mutation in the Rasgrp1 gene
that results in a block of Ras signaling downstream of
the TCR, defects in T cell selection, reduced proliferation
and cytokine production, and the spontaneous accumu-
lation of T cells with a memory phenotype. This genetic
lesion also leads to the activation of B cells, the produc-
tion of autoantibodies, and the development of an auto-
immune syndrome that displays many features of human
SLE. Thus, the RasGRP1lag strain provides evidence of
a key role for Ras signals in the maintenance of immuno-
logical self-tolerance.
The importance of TCR-induced Ras signals during
T cell development and activation are well established
(Cantrell, 1996). To date, two distinct signaling modules
have been defined that lead to the activation of this
small G protein: one that involves the Grb2 and Sos
(Buday et al., 1994), the other that involves RasGRP1
(Ebinu et al., 1998). Activation of Ras through the Grb2/
Sos pathway leads to the activation of the MAP kinases,
Figure 6. Impaired Ras and Erk Signaling Downstream of the TCR JNK and p38 (Gong et al., 2001). These signals appear
in lag T Cells to be particularly important in negative selection of auto-
(A) Ras activation in lag thymocytes following TCR engagement. reactive T cells, since mice expressing dominant-nega-
Wild-type (WT) and lag (MUT) thymocytes were stimulated with anti- tive JNK or p38 in thymocytes, as well as Grb2/ mice,
CD3. Activated Ras was detected by immunoblotting following im-
show defects in this process (Dong et al., 1998; Rincon etmunoprecipitation with Raf-GST. Total Ras levels was determined
al., 1998; Sugawara et al., 1998). In contrast, our currentby blotting whole-cell lysates.
findings, as well as recent studies of RasGRP1-deficient(B) Activation of Erk and NF-B signaling pathways in lag T cells.
Purified T cells from spleen of wild-type (WT) and lag (MUT) mice mice (Dower et al., 2000; Priatel et al., 2002), indicate
were stimulated for 15 min with anti-CD3 or PMA/ionomycin. The that activation of Ras and Erk through RasGRP1 plays
levels of the phosphorylated LAT (Y191), Erk (p42/p44), CREB and a key role in positive selection of T cells, as well as
ATF-1, and IB	, as well as the amount of total IB	 and 
-actin,
their homeostatic expansion and maintenance in thewere determined by immunoblotting.
periphery.(C) Activation of Akt in lag T cells. Purified T cells from spleen of
Importantly, our present studies demonstrate that thewild-type (WT) and lag (MUT) mice were stimulated for 15 min with
anti-CD3 or PMA/ionomycin. The levels of the phosphorylated Akt RasGRP1 pathway of TCR-induced Ras activation also
(Y473) and total Akt were determined by immunoblotting. plays a role in the maintenance of T cell tolerance, since
mutation of this gene leads to the accumulation of auto-
reactive CD4 T cells and the development of autoim-
mune disease. A recent report has revealed that weaklytested whether TCR-induced signaling pathways were
defective in RasGRP1lag mice. Previous studies had un- selecting, low-affinity TCRs are highly dependent on
RasGRP1 signals to drive T cell development, whereascovered an obligatory role for RasGRP1 in activation of
Ras and Erk downstream of the TCR (Dower et al., 2000). strongly selecting, high-affinity TCRs are much less de-
pendent on this molecule during this process (Priatel etConsistent with this finding, immature T cells from Ras-
GRP1lag mice failed to efficiently activate Ras in re- al., 2002). This has led to a model of T cell selection
in which weak TCR signaling results in activation ofsponses to anti-CD3 or PMA and ionomycin (Figure 6A
and data not shown). The levels of phosphorylated Erk, RasGRP1 and Erk only, leading to positive selection,
while strong TCR signaling leads to the activation of allas well as CREB and ATF-1 (Gupta and Prywes, 2002),
two downstream targets of the Ras/Erk signaling path- MAPK family members and negative selection (Yun and
Bevan, 2001). The rare mature T cells found in Ras-way, were reduced in mature RasGRP1lag T cells follow-
ing stimulation with T cell mitogens (Figure 6B). Not GRP1lag mice are, therefore, likely to express only
strongly selecting, high-affinity TCRs. Our experimentsall TCR-induced signaling events were affected by the
RasGRP1lag mutation. Phosphorylation of LAT, which suggest that many of these bind to self-antigens. It is
likely that in the absence of the full complement of TCRprecedes activation of RasGRP1, was normal in mutant
T cells (Figure 6B), as was activation of signaling path- signals these autoreactive T cells are not eliminated in
the thymus and may go on to initiate the autoimmuneways that are not thought to be regulated by the Ras/
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response seen in RasGRP1lag mice. It is intriguing that these mice show a reduction in TCR expression that is
only CD4 T cells accumulated preferentially in Ras- not as pronounced in mice that lack RasGRP1. They
GRP1lag mice. This presumably reflects differences in also display a more severe block in thymic development
nature of the signals that regulate homeostasis and tol- and demonstrate a more pronounced skewing toward
erance in CD4 and CD8 T cells. Th2 responses than is seen RasGRP1lag mice (Sommers
An additional explanation for the autoimmune syn- et al., 2002). It is possible that the additional immunologi-
drome that develops in RasGRP1lag mice is that this cal abnormalities observed in LAT-point mutant mice
genetic lesion leads to a defect in peripheral pathways are the result of defects in signaling pathways that are
of immunological tolerance. A number of the functional intact in RasGRP1lag mice (Aguado et al., 2002; Sommers
defects that we observed in mature RasGRP1 CD4 et al., 2002). Alternatively, differences in the genetic
T cells are likely to interfere with peripheral tolerance background of RasGRP1lag, RasGRP1/, or LAT mutant
induction. These include the poor expression of FasL mice may affect the penetrance and manifestations of
by these cells upon antigen encounter, their resistance autoimmune disease. Continued study of RasGRP1lag
to AICD, and their reduced production of IL-2. Defects mice will improve our understanding of the complex
in Fas-mediated apoptosis, AICD, and IL-2 signaling network of signals that serve to maintain self-tolerance
have all been linked to the development of autoimmune and will improve our insights into the genetic basis of
syndromes characterized by the production of autoanti- autoimmune disease.
bodies in knockout and mutant mouse strains (Russell
et al., 1993; Sadlack et al., 1993; Suzuki et al., 1995; Experimental Procedures
Willerford et al., 1995). With disease progression, Ras-
PathologyGRP1lag T cell responses also become skewed toward
Tissue specimens for histopathology were fixed in Bouin’s solutionIL-4 production, which may contribute to apoptosis re-
(Fisher Scientific, Pittsburgh, PA) or snap frozen. Tissue sections (5
sistance of T cells (Vella et al., 1997) and inappropriate
m) were stained with hematoxylin and eosin (H&E) and evaluated by
B cell activation (Erb et al., 1997; Foote et al., 1996; light microscopy. Immunohistochemical analysis on frozen kidney
Shimoda et al., 1996). sections was performed on acetone-fixed sections as described
previously (Di Cristofano et al., 1999). In brief, sections were blockedImportant differences exist between the immunologi-
with 10% goat serum and, in some cases, with 0.1% Triton X-100cal abnormalities and autoimmune syndrome that we
followed by fluorescein-conjugated goat anti-mouse IgG (Jacksonobserved in RasGRP1lag mice and those reported for
Immunotech, West Grove, PA) for 1 hr at room temperature. Afterother strains of autoimmune-prone mice. This suggests
washing, immunofluorescence analysis was performed with a Nikon
that the molecular mechanisms of tolerance induction Eclipse E600 microscope.
by RasGRP1 may be novel. For example, Fas-deficient
lpr mice accumulate CD4CD8 double-negative T cells Purification of T and B Cells
that we did not detect in RasGRP1lag mice (Landolfi et T cells were purified from the spleen either by positive selection
using anti-CD4 Dynal beads (90% CD4) or by negative selectional., 1993; Mehal and Crispe, 1998), and the development
using anti-CD8 and anti-B220 beads (80% CD4). B cells wereof autoimmunity in lpr mice is dependent on a defect in
purified by negative selection using anti-CD4 and anti-CD8 beadsB cell apoptosis, as well as T cell apoptosis (Rathmell
(90% B220).et al., 1995). B cell responses and apoptosis are normal
in RasGRP1lag mice. Similarly, IL-2- and IL-2 receptor-
Immunoblotting
deficient mice develop an autoimmune syndrome that Purified T cells were activated for 72 hr with PMA, ionomycin, and
is characterized by the production of autoantibodies IL-2, and then cultured overnight in IL-2. About 1 to 2 106 activated
with specificities different from RasGRP1lag mice, such T cells were cultured in medium in the presence or absence of the
indicated stimuli for 15 min. Cell lysates were prepared by resus-as red blood cell antigens (Suzuki et al., 1995). In fact,
pending in lysis buffer (50 mM Tris [pH 8.0], 150 mM NaCl, 0.02%the spectrum of autoantibodies detected in RasGRP1lag
sodium azide, 1% Triton X-100, 100 g/ml PMSF, 1g/ml aprotinin),mice, namely anti-dsDNA and anti-Sm, together with
and proteins were separated by SDS-PAGE and transferred ontothe development of a diffuse glomerulonephritis with
nitrocellulose membranes. Proteins were visualized by probing the
immunoglobulin and complement deposition, suggest blots with anti-Erk, anti-phospho-Erk, anti-phospho-CREB, anti-
that our mutant mice may provide a relevant model for phospho-IB	, anti-Akt, anti-phospho-Akt (Cell Signaling Technol-
human SLE (Tan, 1989). ogy, Beverly, MA), anti-IB	 (Santa Cruz Biotechnology, Santa Cruz
CA), or anti-
-actin (Sigma-Aldrich, St. Louis, MO), followed by de-While the precise mechanism by which RasGRP1 sig-
tection with matched HRP-conjugated secondary antibodies. Blotsnals maintain self-tolerance remains to be determined,
were developed using ECL detection reagents (Amersham Phar-it is interesting that the phenotype of our RasGRP1lag
macia Biotech, Piscataway, NJ) and Kodak X-ray film. To test Rasmice is similar in many respects to that of mice that
activation, 8 to 10  106 whole thymocytes were stimulated with
carry a point mutation in the LAT adaptor protein, which anti-CD3 (1 g/ml) or PMA (250 ng/ml) for 10 min and lysed. GST-
prevents this molecule from activating PLC (Sommers Raf was used to precipitate RasGTP from lysates (Ebinu et al., 2000),
et al., 2002). Both strains of mice show defects in TCR and RasGTP was detected by immunoblotting as described above
using anti-Ras mAb (BD Transduction Laboratories, Lexington, KY).signaling and T cell selection, as well as a selective
accumulation of CD4 T cells with a memory phenotype
Evaluation of Autoimmune Syndromeand the development of autoimmunity (Aguado et al.,
Anti-nuclear antibodies (ANA) were detected on Hep-2 cells at a2002; Sommers et al., 2002). Together with our current
serum dilution of 1:50. Total serum IgG, serum IgG1, and IgG2a,studies, these findings suggest that the LAT-PLC-
and autoantibodies to double-stranded DNA (dsDNA) and Sm were
RasGRP1-Ras signaling axis performs an essential role determined by ELISAs as described previously (Bullard et al., 1997;
in maintaining self-tolerance. The phenotype of LAT- Di Cristofano et al., 1999). Recombinant human SmB was produced
point mutant mice does differ from that observed in as described (Elkon et al., 1990), and recombinant mouse SmA and
D were generous gifts from Drs. Craft and Mamula (Yale University,RasGRPlag mice in a number of important aspects. First,
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New Haven, CT). Nuclear extracts of Hep-2 cells were separated twice within a 24 hr period. Infection efficiency was determined
by quantifying green fluorescent protein (GFP) expression by flowby SDS-PAGE and transferred to nitrocellulose membrane as above,
and Western blot analysis was performed. cytometry.
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